n-Butyrate treatment of growing HeLa cells produces a dramatic increase in the levels of histone acetylation. We have exploited this system to study the effect of histone acetylation on chromatin structure. Chromatin containing highly acetylated histones is more rapidly digested to acid-soluble material by DNase I, but not by micrococcal nuclease. The same pattern of nuclease sensitivity was exhibited by in vitroassembled chromatin consisting of SV40 DNA Form I and the 2 M salt-extracted core histones from butyrate-treated cells. Using this very defined system, it was possible to demonstrate that acetylated nucleosomes do not have a greatly diminished stability. Stability was measured in terms of exchange of histone cores onto competing naked DNA or sliding of histone cores along ligated naked DNA. Finally, it was shown that acetylated nucleosomes are efficient inhibitors of in vitro RNA synthesis by the E.coli holoenzyme as well as by the mammalian polymerases A and B.
INTRODUCTION
It is now well established that eukaryotic DNA is packaged within repeating nucleoprotein subunits, the nucleosomes (1-3). However, there is wery little information on how the basic nucleosomal structure is modulated to effect the processes of transcription and replication. Post-synthetic histone modifications, e.g. phosphorylation, methylation or acetylation, have been suggested as possible mechanisms (see Ref. 4 
for review).
By altering DNA/histone binding, these modifications could promote the type of localized variation in chromatin structure that'might be expected to occur at times of gene transcription or in preparation for replication. In particular, high rates and/or levels of histone acetylation have been correlated with Nucleic Acids Research increased RNA synthetic capacity in a number of systems (4) . Although these studies demonstrate a striking association between the two events, they remain correlative, and are yet to be supported by direct tests of the effect of histone acetylation on chromatin structure.
Efforts directed toward this goal have been frustrated by the difficulty of isolating acetylated histones in bulk. Recently, however, Riggs and coworkers (5, 6) and Hagopian et al. (7) have described a system that greatly enhances the levels of these modified subspecies. They have shown that treating growing cells with n-butyrate results in a dramatic increase in the levels of histone acetylation; for example, approximately 80% of the H4 molecules were acetylated to some degree after such treatments.
We have used the procedure of Riggs and coworkers to prepare acetylated chromatin and histones from HeLa cells in order to more directly test the effect of histone acetylation on chromatin structure. More specifically, we have asked the questions : does highly acetylated chromatin have an altered sensitivity to nuclease digestion? Does the nucleosomal complex formed by DNA and highly acetylated histones exhibit a diminished stability? Do acetylated nucleosomes effectively inhibit transcription by RNA polymerase?
MATERIALS AND METHODS

1) Growth and treatment of cells. Preparation of nuclei.
HeLa cells were maintained in suspension culture as previously described (8) 
2) Preparation of Hl-depleted chromatin.
Chromatin from both treated and non-treated cells was depleted of HI and nonhistone proteins by a modification of the procedure of Ilyin et al. (10) . Nuclei were suspended at approximately 1 mg DNA/ ml in 100 mM NaCl, 10 mM Tris-HCl pH 7.5, 0.1 mM CaCl 2 and digested with 100 units micrococcal nuclease (Worthington) per mg DNA for 3 min at 37°C. The reaction was stopped with an equal volume of 0.5 mM EDTA and nuclei were subsequently lysed by dialysis against 0.2 mM EDTA pH 7.5 for 4-6 hours at 4°C After centrifugation at 4000 g for 5 min, the soluble chromatin was incubated 6-12 hours at 4°C with a 15 fold excess of yeast tRNA (Plenum Scientific Research, Hackensack, N.J.) in 10 mM NaCl, 0.2 mM EDTA, 0.1 m M PMSF, 1 mM Tris-HCl pH 8.0, 1 mM DTT (Buffer A). The resulting Hl-depleted chromatin was pelleted through 5-20% sucrose in buffer A onto a 70% sucrose cushion by centrifugation for 10 hours at 23,500 rpm in an SW 25.1 rotor (Beckman) at 4°C. The pelleted material was dialyzed overnight against 0.1 mM PMSF, 1 mM sodium bisulphite, 1 mM EDTA, 20 mM Tris-HCl pH 8.0 (Buffer B) made 500 mM in NaCl, and was concentrated to approximately 100 wg/ml by dialysis against the same buffer under reduced pressure.
3) Hi8tone isolation and characterization.
Salt-extracted histones were prepared as described previously (11) with two modifications for both HeLa histone preparations. HI was extracted with 500 mM NaCl and was removed by centrifugation for 12-15 hours at 4°C in an SW 41 rotor (Beckman) at 39,000 rpm.
The four hi stones were separated from DNA on hydroxyapatite using a batch procedure. The equilibrated hydroxyapatite was mixed with the salt-dissociated chromatin (1 mg DNA/ml packed hydroxyapatite) and gently stirred for 5 min at 4°C. After pelleting at 4000 g for 2 min, the hydroxyapatite was washed with an equal volume of buffer. The pooled supernatants were clarified by centrifugation for 15 min at 16,000 g.
Acid-extracted histones were prepared from nuclei and Hidepleted chromatin by treatment with 0.4 N H 2 SO 4 for 30 min at 4°C, and were precipitated for 12-15 hours with 9 volumes of acetone at -20°C. The precipitate was collected by centrifugation at 16,000 g for 10 min.
Electrophoresis of histones was performed in a 12 cm slab gel apparatus (Hoefer Scientific Instruments, San Francisco), using the method of Panyitn and Chalkley (12). Gels were stained for 2 hrs in 25% isopropanol, 10% acetic acid, 0.25% Coomassie Blue and destained in 10% acetic acid at room temperature.
4) Nualease digestion and kinetic analyses.
Nuclei were digested with micrococcal nuclease or DNase I (Sigma) under the conditions specified in the figure legends. Reactions were terminated by the addition of EDTA to 2.5 times excess over the divalent cation concentration. Procedures for the isolation of DNA and electrophoresis of the DNA digestion products have been published (13) .
For the kinetic analyses, [ C]-labelled nuclei from butyrate-treated cells and [ H]-labelled nuclei from non-treated cells were digested in the same reaction mixture. At the specified times, aliquots were made 5% in TCA and 100 pg/ml in calf thymus DNA in a final volume of 0.2 ml, were incubated for approximately 2 hours at 4°C, and were centrifuged at 8000 g for 20 min. 0.2 ml of water was added to the pellets and 0.5 ml soluene (Packard) added to both pellets and supernatants. After incubation at room temperature for 30 min, the samples were counted in 5 ml of 0.4% Scintimix-3 (Koch-Light Laboratories, England) in toluene. The kinetic analyses of in y-itro-assembled chromatin were performed by exactly the same method. The stability of in u-itro-assembled chromatin and of cellular Hl-depleted chromatin was tested by incubation in the presence of competing SV40 DNA Form I at elevated salt concentrations. These exchange experiments were conducted as published (11) except that the exchange buffer was Buffer B (see above) and the nucleoprotein concentration was initially 80 pg/ml. Naked competitor SV40 DNA was added in two fold excess for the experiment using in y-itro-assembled complexes and at a 1:1 ratio for the experiments using cellular Hl-depleted chromatin. In this latter case, treatment with untwistase (UE) was not necessary (see below). Sliding was assayed by electron microscopy after incubation of the hybrid molecules at elevated NaCl concentrations for 3 hours at 37°C. During this treatment, the hybrid was present at a concentration of 10 ug/ml, and competing naked SV40 DNA Form I was added at 5 ug/ml. 7) Electron microscopy. Electron microscopy was performed as in earlier papers (11, 14).
8) Transcription experiments.
The isolation of E.coli RNA polymerase is described elsewhere (15) , and the purifications of calf thymus RNA polymerases A and B (glycerol gradient fractions) were according to previously described methods (16, 17) . The methods used for the kinetic analyses of RNA synthesis are detailed in the figure legends.
RESULTS
1) Characterization
of histories. n-Butyrate treatment of growing cells has been shown to result in a striking increase in the levels of histone acetylation (5-7). All four core histones are probably affected (5, 7). Fig. 1 (a and b) In contrast with the results obtained using micrococcal nuclease, there is a difference in the kinetics of digestion by DNase I (Fig. 4c) . The 14 C -labelled nuclei from butyratetreated cells exhibit an enhanced susceptibility to this enzyme; with several preparations of nuclei we have been able to observe a 1.5-2 fold increase in the initial rate of production of acid-soluble material. (Fig. 7a) is a result of the overnight dialysis against 500 mM NaCl (see Discussion). The dialysis was necessary to maintain the solubility of the chromatin fragments. Similar results were obtained using Hl-depleted chromatin from butyrate-treated or control cells; in both cases, the exchange was almost complete at 750 mM NaCl. The results depicted in Fig. 8 also indicate that Hldepleted chromatin from butyrate-treated (A) or control (B) cells is characterized by a very similar stability. In several experiments using this protocol, we observed histone core par-S^fe;P It is possible to construct hybrid complexes of naked DNA and in uitro-assembled chromatin. Fig. 9a shows an example of such a hybrid complex containing a naked SV40 DNA Form III molecule ligated to another Form III molecule associated with the four calf thymus histones. It should be noted that although confined to only a portion of the ligated complex, the nucleosomes appear well dispersed. It should be possible to observe in the electron microscope any sliding of histone cores which might be induced by treatment with elevated salt concen- trations. Sliding of histone cores can be distinguished from intermolecular exchange by the addition of naked SV40 DNA Form I as a competitor. When hybrid complexes are treated as long as 3 hours at 37°C with 500 mM NaCl, no evidence of sliding along the naked DNA is observed for the great majority of molecules. Many molecules exhibit clusters of nucleosomes, instead of well dispersed beads, in the reconstituted portion of the hybrid (Fig. 9b) (see discussion) . For some ligated complexes (<102>), it appears that some sliding may have occurred (Fig. 9c) , but due to the entanglement of the molecules, it is not possible to state this with certainty. At 600 mM NaCl it is possible to observe some beads on the naked SV40 DNA Form I competitor which had been added to distinguish between sliding and intermolecular exchange. It appears, there-fore, that there is no significant long-distance sliding of histone cores at ionic strengths lower than those which allow exchange.
Hybrid complexes were also constructed using naked SV40 DNA Form III and SV40 DNA associated with the histones from butyrate-treated or non-treated HeLa cells. Both preparations exhibit the same response to elevated salt concentration as described above for hybrid complexes containing calf thymus histones. Thus, we did not find any evidence that acetylation facilitates the sliding of histone cores.
4) Transcription
of in vitro-assembled ahromatin containing highly acetylated histones.
In order to study the effect of acetylated histones on chromatin transcription, we have tested their ability to inhibit RNA synthesis in vitro. Synthesis on complexes of SV40 DNA Form I and the four core histones from butyrate-treated HeLa cells was compared with synthesis on complexes of SV40 DNA Form I and the four calf thymus histones. (In both preparations, 12-15 beads were observed on the SV40 DNA by electron microscopy -see Materials and Methods). Since it was difficult to prepare large amounts of salt-extracted non-treated HeLa cell histones devoid of untwistase activity, calf thymus histones were used as a control because their level of acetylation is very similar to that of non-treated HeLa cell histones. Fig. 10 demonstrates that control and acetylated histones are equally able to inhibit transcription by RNA polymerase. This observation is true for the calf thymus polymerases A and 3 (panels c and b, respectively), as well as for the E.coli holoenzyme (panel a).
The nucleosomal inhibition of RNA chain elongation during the in vitro transcription of chromatin by E.coli RNA polymerase can be partially overcome by increasing the salt concentration during synthesis (15, 21). We have attempted to determine whether the acetylation of histones alters this response to increased ionic strength. The E.coli holoenzyme was allowed to initiate on 
DISCUSSION
Histone acetylation has been suggested as the mechanism by which inert chromatin is activated for RNA transcription (22). This hypothesis is an attractive one because a striking correlation has been observed between the enhancement of histone acetylation and the enhancement of RNA synthesis in a number of systems (4). Moreover, Yamamoto and Alberts (23) have proposed that the acetylation-deacetylation reaction can provide the flexibility needed to transduce laterally across an active gene the increased accessibility to RNA polymerase. n-Butyrate treatment of growing cells produces a dramatic increase in the levels of histone acetylation, providing a system to directly test the effect of this post-synthetic modification on various aspects of chromatin structure and function. Hagopian and coworkers (7) have demonstrated that this heightened degree of acetylation is due to a decrease in the rate of deacetylation rather than to an increase in the rate of acetylation. Thus, it is probable that the sites involved are those which are normally modified in vivo.
1) Nuolease digestion studies.
We have digested nuclei from n-butyrate-treated cells in order to study the nuclease sensitivity of chromatin enriched in acetylated histone subspecies. Our data show that the ONA digestion fragments produced by both micrococcal nuclease and DNase I are indistinguishable from those derived from control nuclei. The kinetics of digestion by micrococcal nuclease were the same for both types of nuclei; however, DNase I digested the nuclei from butyrate-treated cells with a 1.5-2 fold more rapid initial rate.
While this work was in progress, Simpson published a study comparing the nuclease sensitivity of nuclei from butyratetreated HeLa cells (24) . He found a ten-fold greater susceptibility to DNase I (measured as initial rate of reaction) for the butyrate-treated samples. We have not been able to reproduce such a large difference under a variety of conditions: 1) cells were treated with 5 mM rather than 10 mM butyrate; 2) cells were 14 labelled with [ C]-thymidine only during the butyrate treatment rather than for 24 additional hours prior to the treatment; 3) nuclei were isolated by Simpson's procedure, which is more rapid and employs divalent cations; 4) nuclei were digested at a 10-fold lower DNase I/chromatin ratio. Thus, we are unable to explain the discrepancy between our results and those of Simpson. Our results are, however, in good agreement with the very recently published report of Vidali and coworkers (25), who observed an approximately 2-fold greater initial rate of digestion for the nuclei of butyrate-treated cells.
Bonner and coworkers (26) have also reported a large incease in the DNase I sensitivity of acetylated chromatin. However, they studied chromatin which had been chemically acetyiated by acetic anhydride. It has been previously demonstrated (27) that this treatment results in the modification of histones which are not modified in vivo as well as the acetylation at sites which are not normally acetylated.
Factors other than histone acetylation may be involved in the preferential sensitivity to DNase I characteristic of nuclei from butyrate-treated cells, e.g. non-histone protein differences or HI modifications. Our experiments comparing the kinetics of digestion of chromatin assembled in vitro from SV40 DNA Form I and the 2M salt-extracted core histones indicate that the sensitivity does reside in the core histones and their interaction with DNA. Our experiments also prove that complexes assembled in vitro can be used to assay the effect of acetylation on chromatin structure, thus providing a more precisely defined system.
2) Stability studies.
The acetylation of lysines in the amino-terminal portions of histone molecules should loosen their binding to DNA (28).
We have sought to determine whether histone acetylation does reduce the stability of nucleosomes by studying the exchange of histone cores onto competing naked DNA. We could observe only a small difference in the salt concentration at which acetylated histone cores versus control histone cores were exchanged (0.05 M NaCl lower for samples from butyrate-treated cells). Similarly, acetylation did not seem to greatly facilitate the sliding of histone cores along naked DNA. In fact, we could observe very little (if any) long-distance sliding even after 500 mM NaCl treatment. Occasionally, molecules displaying some evidence of sliding were observed after salt exposure to 500 mM NaCl; however, it should be noted that this assay would not distinguish sliding from intra-molecular exchange. We have tried without success several different buffers for the sliding assay, including those used for the RNA synthesis studies and for the exchange experiments (see Materials and Methods).
After the ligated complexes were exposed to 500 mM NaCl, it was possible to observe molecules in which the beads of the reconstituted portion of the hybrid appeared as clusters (Fig. 9b) .
In contrast, nucleosomes were always well dispersed if the ligated complexes were not salt-treated (Fig. 9a) . This finding is consistent with the recent observation (Spadafora, Oudet and Chambon, in preparation) that nucleosomes in Hl-depleted chromatin are able to slide together at salt concentrations as low as 150 mM NaCl (see also Fig. 7a for an example at 500 mM NaCl). This clustering response appeared similar whether the in vitroassembled chromatin contained histones from calf thymus, butyrate-treated HeLa cells or control HeLa cells (our unpublished results). Since histone core particles can slide together at 500 mM NaCl, it is somewhat surprising that they do not slide across the ligated naked ONA molecule. One possible explanation is that, if the clustering is a result of hydrophobic interactions between adjacent core particles, there would be nothing to draw core particles across the ligated naked DNA. It is also possible that only one DNA strand was ligated during the preparation of hybrid complexes and that histone core particles cannot slide across a single-stranded nick. However, both strands were ligated under our conditions because the distribution of DNA in monomers versus higher oligomers was the same after electrophoretic analysis in neutral or alkaline conditions (data not shown). Finally, the possibility that ligase is bound to, and thus blocks, the junction between the nucleosomal complex and the naked DNA, is considered unlikely at 500 mM NaCl, because ligase elutes from a phosphocelluiose column at approximately 300-400 mM salt.
By two criteria, then, in vitro-assembled chromatin enriched in acetylated histones is not characterized by a greatly diminished stability. Experiments were also undertaken to examine the stability of the corresponding cellular chromatins. Hldepleted chromatin was prepared from butyrate-treated and nontreated HeLa cells and subjected to elevated salt concentrations (0.25-0.85 M NaCl) in the presence of competing naked DNA. The exchange of histone cores occurred at approximately the same ionic strength for both preparations. In addition, Hl-containing or Hl-depleted chromatin was prepared from control and treated cells and was salt-treated (0.3-0.6 M NaCl) in the absence of competitor DNA. Chromatin from the two types of cells showed a similar tendency to form clusters of beads (as seen in the electron microscope -see above) at a given NaCl concentration (data not shown).
3) Transcription studies.
Although histone acetylation does not seem to greatly affect nucleosome stability, it is still possible that the modified nucleosomes are more accessible to RNA polymerase. However, we have shown that this is not the case for RNA synthesis on chromatin assembled and transcribed in vitro. At low ionic strength (0.15 M) the kinetics of transcription by the E.coli holoenzyme and the calf thymus polymerases A and B were not related to the levels of histone acetylation (Fig. 10) . Under the conditions employed, the inhibition of polymerase activity is due to a decrease in both initiation and rate of elongation (15); so apparently, acetylated histones are effective inhibitors at both these levels. These results conflict with the finding of Marushige (29) that the acetylation of histones stimulates the rate of chain elongation on chromatin by E.coli RNA polymerase. However, in these studies the histones were chemically acetylated by acetic anhydride and thus the results should be interpreted with caution as discussed above.
The inhibition of RNA chain elongation during the in vitro transcription of chromatin by E.coli polymerase can be progressively overcome by increasing the ionic strength during synthesis (120-600 mM NaCl -see Fig. 11 ). Although no difference was seen at low ionic strength, it is possible that the effect of acetylation on transcription across nucleosomes is revealed only when the ionic interactions between histones and DNA are loosened at the higher salt concentrations. However, it is clear that histone acetylation does not strikingly affect the rate of chain elongation by E.coli RNA polymerase at ionic strengths from 0.1-1.0 M NaCl (Fig. 11) . Moreover, the fact that approximately the same plateau level was reached for both acetylated and control chromatin (Fig. lib) indicates that histone acetylation does not increase the efficiency of RNA chain initiation on chromatin. These results are consitent with the finding that acetylated chromatin does not exhibit a greatly reduced stability at NaCl concentrations within this range.
4) Histone aoetylation and active ahromatin.
The preferential digestion of acetylated chromatin by DNase I can be correlated with the preferential degradation of actively transcribing sequences by this enzyme (30-33) . For example, Garel and coworkers (31) have demonstrated an approximately 5-fold faster digestion of expressed sequences characterized by various rates of transcription. From this correlation it is tempting to conclude that active genes are associated with nucieosomes containing highly acetylated histones. However, our results indicate that chromatin containing these modified histone subspecies is not more accessible to RNA polymerase in vitro.
There are at least three ways to interpret these findings. First, it is possible that acetylation is not involved in the mechanism by which nucleosomes are made accessible to RNA polymerase. The fact that both acetylated nucleosomes and active genes are rapidly degraded by DNase I may be just correlative. Second, acetylation may promote RNA synthesis across nucleosomes, but it may not be possible to regenerate this property using our method of reconstitution. Additional factors (HI, non-histone proteins) might be involved in the increased accessibility to RNA polymerase, but not in the heightened susceptibility to DNase I. Third, it is possible that only the most highly acetylated histones are involved in any mechanism to facilitate transcription. Although there is a great increase in the number of acetylated subspecies in butyrate-treated cells, the precentage of the histone cores containing fully acetylated histones may still be very low in our preparation. It may indeed be necessary to have all four core histones in their most acetylated state to obtain the maximum effect. Our assays might not be sensitive enough to detect differences due to such a small number of fully acetylated nucleosomes; in fact, we were able to observe certain small differences in the behavior of nucleosomes from butyrate-treated and control cells (see Figs. 6 and 11 ). These considerations might also explain why the sensitivity to DNase I digestion exhibited by acetylated nucleosomes was less than that observed for active genes (1.5-2 fold and 5-7 fold). Further exploitation of the butyrate system should allow the isolation of the most highly acetyiated histone species in order to test this hypothesis.
